Background: Injury to the mesothelial layer of the peritoneal membrane during peritoneal dialysis (PD) is implicated in loss of ultrafiltration capacity, but there are no validated biomarkers for mesothelial cell injury. Microparticles (MPs) are 0.1 to 1.0 µm membrane vesicles shed from the cell surface following injury and are sensitive markers of tissue damage. Formation of MPs in the peritoneal cavity during PD has not been reported to date. Methods: We designed a single-center, proof of concept study to assess whether peritoneal solution exposure induces formation of mesothelial MPs suggestive of PD membrane injury. We examined MP levels in PD effluents by electron microscopy, nanoparticle tracking analysis (NTA), flow cytometry, procoagulant activity, and Western blot. Results: NTA identified particles in the size range of 30 to 900 nm, with a mean of 240 (SE: 10 nm). MP levels increased in a progressive manner during a 4-hour PD dwell. Electron microscopy confirmed size and morphology of vesicles consistent with characteristics of MPs as well as the presence of mesothelin on the surface. Western blot analysis of the MP fraction also identified the presence of mesothelin after 4 hours, suggesting that MPs found in PD effluents may arise from mesothelial cells. Conclusions: Our results suggest that MPs are formed and accumulate in the peritoneal cavity during PD, possibly as a stress response. Assessing levels of MPs in PD effluents may be useful as a biomarker for peritoneal membrane damage.
What was known before
• • Injury to the mesothelial layer of the peritoneal membrane occurs during peritoneal dialysis (PD) and is implicated in loss of ultrafiltration capacity, but there are no validated biomarkers for mesothelial cell injury. • • Alterations in levels of membrane-derived microparticles in plasma or urine samples have been shown to reflect underlying tissue injury; however, whether microparticles are released into the peritoneal cavity during PD was not known.
Introduction
Progressive loss of ultrafiltration capacity is a major cause of attrition in chronic PD patients. 1 Pathologically, ultrafiltration failure arises from epithelial to mesenchymal transition of mesothelial cells and submesothelial collagen deposition. This leads to thickening and fibrosis, further resulting in diminished osmotic conductance of the membrane. 2 In addition, there is proliferation of submesothelial capillaries which results in a more rapid decay of the osmotic gradient between the blood and the dialysate, thus further decreasing fluid removal. 3 It is believed that this peritoneal remodeling is related to mesothelial cell stress and injury induced by peritoneal solution exposure. This in turn may lead to chronic peritoneal membrane inflammation and fibrosis. At present, there is no universally accepted clinical biomarker for mesothelial cell stress induced by PD solutions. 4 Such a biomarker could allow for patient stratification according to their risk of developing peritoneal membrane fibrosis, guide optimal selection of PD solutions, and aid in the development of therapeutic interventions to preserve peritoneal membrane health.
Microparticles (MPs) are a class of extracellular vesicles, 0.1 to 1.0 µm in diameter, which are formed through the outward blebbing of the plasma membrane and are released into the extracellular space. 5 MPs are formed by all cell types and contain membrane and cytosolic protein, messenger RNA (mRNA) and microRNA (miRNA) but lack nuclear material. 6 MPs are formed under conditions of cell stress, but cell death is not a requisite for their formation. 7 Because of this property, and the fact that they retain the surface properties of the cell from which they originate, MPs are seen as ideal biomarkers of cell/tissue injury. 6, 8, 9 In this regard, increases in endothelial MPs strongly correlate with measures of vascular damage and independently predict risk of cardiovascular mortality/morbidity. 8, 10 Accordingly, the assessment of MPs in biological samples may be used to identify tissue damage at the earliest stages. To date, no studies have examined the formation of MPs in the peritoneal cavity during PD, and indeed mesothelial MPs have not been previously described in any model. We therefore set out to test the hypothesis that the formation of mesothelial cell MPs is induced by the instillation of PD solution.
Patients and Methods

Study Design
We carried out a single-center study of incident PD patients followed up at The Ottawa Hospital. The inclusion criteria were adult patients with end-stage renal disease (as defined by stage 5 chronic kidney disease [CKD]) new to PD and presenting for their first peritoneal equilibration test (PET). Exclusion criteria were patients on PD >6 months or patients with a history of peritonitis preceding the first PET. The Ottawa Health Sciences Research Ethics Board approved the study; all patients gave their informed consent to participate, and experiments were conducted in accordance with the Declaration of Helsinki.
Following a 10-hour overnight dwell with 2 L of Dianeal 2.5%, patients were drained and 2 L of Dianeal 4.25% was instilled. Ten milliliters of the effluent was immediately collected to provide a baseline sample. A minimum of 10 mL of PD effluent was subsequently collected at 1 hour, 2 hours, and 4 hours postinstillation. A subset of samples were excluded due to delays in collection of PD effluents. A blood sample was collected at 4 hours postinstillation for assessment of dialysate-to-plasma (D/P) creatinine ratio. The clinical characteristics were retrieved from patient files and de-identified for analysis. D/P ratio was measured at 4 hours and used to classify patients as low (D/P creatinine ≤ 0.49), low average (D/P creatinine 0.50-0.64), high average (D/P creatinine 0.65-0.80), or high (D/P creatinine ≥ 0.81) transporters according to the criteria defined by Twardowski et al. 11 Serum creatinine was determined using an Ortho Vitros 250 Analyzer (OrthoClinical Diagnostics Inc, Raritan, New Jersey), and dialysate creatinine concentration was measured using a Beckman Coulter LX20 (Beckman Coulter Inc, Mississauga, Canada).
MP Isolation
PD effluent samples were immediately processed after isolation to remove any potential large contaminants such as cells or apoptotic bodies. Briefly, samples were centrifuged at 2500g for 20 minutes at 20°C, and the supernatant was frozen prior to analysis. MPs were then isolated from cell-free samples by centrifugation at 20 000g for 20 minutes at 20°C, and the MP-containing pellet was collected, while the supernatant, which contains exosomes, smaller vesicles, and soluble factors, was discarded. The MP-containing pellet was resuspended in Annexin V binding buffer for flow cytometric analysis, or 1× phosphate buffered saline (PBS) for nanoparticle tracking analysis (NPA), or electron microscopy.
Flow Cytometric Detection of MPs
MPs were quantified using a MoFlo Aria Fluorescence Activated Cell Sorter as described. 12 Mesothelial cell origin was confirmed by staining for the mesothelial cell surface marker mesothelin using a rabbit polyclonal anti-human mesothelin antibody (1:100, Abcam, Toronto, Ontario, Canada) followed by a Fluorescein isothiocyanate (FITC)-conjugated goat anti-rabbit secondary antibody (1:2000, Sigma, Oakville, Ontario, Canada). As a negative control, MPs were incubated with secondary antibody alone. MPs were defined as particles of less than 1.0 µm and greater than 0.1 µm in size that exhibited significantly more fluorescence than their negative controls.
Nanoparticle Tracking Analysis
Sizing and enumeration of MPs was achieved by NTA using a Nanosight LM10 instrument (NanoSight Limited, Amesbury, UK) equipped with NTA 2.3 software. 13, 14 NTA is a light-scattering technique which utilizes video analysis for sizing and enumeration of extracellular vesicles. 13 Peritoneal effluents were collected and diluted in PBS to a particle concentration within optimal working range of the system. Approximately 300 µL of sample was loaded into the sample chamber, and videos were recorded for 60 seconds for each sample, with a shutter speed of approximately 30 milliseconds and a camera gain between 250 and 650. Settings for software analysis were the following: detection threshold: 30 to 50; blur: 5 × 5; minimum expected particle size: auto. Size distributions are presented as the average and standard error of 3 to 4 video recordings per sample.
Measurement of MP Levels by Procoagulant Activity
Levels of phosphatidylserine (PS)-positive MPs were also assessed using a Zymuphen MP-Activity kit (Aniara, West Chester, Ohio, USA) as described previously with modification. 15 The assay utilizes immobilized Annexin V to capture PS-expressing MPs. MPs are then detected by the addition of coagulation factor Va, factor Xa, Ca2+, and prothrombin. Effluent samples, collected after the initial low-speed (2500g) centrifugation step, were loaded according to the manufacturer's instructions, and the rate of thrombin production (proportional to PS availability and, by extension, MP concentration) was assessed using a chromogenic substrate with absorbance read at 405 nm. Results are expressed in arbitrary fluorescence units (AU).
Electron Microscopy
Negative staining of MPs. Isolated MP fractions were spotted on formvar-coated copper grids (200 mesh; Canemco, Lakefield, Ontario, Canada) for 30 seconds. Samples were negatively stained with 2% uranyl acetate in water for 6 minutes and dried with filter paper. Samples were examined on a transmission electron microscope (TEM, JEOL JEM 1230, Japan).
Immunogold staining of MPs. Isolated MP fractions were fixed with 4% paraformaldehyde/0.5% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.4), pelleted, and postfixed with reduced osmium. The pellet was then washed in 0.1 M sodium cacodylate buffer, dehydrated in a graded ethanol series, and embedded in LR White Resin. The thin sections (70 nm) were obtained by ultracut (Leica EM UC 6) and taken on nickel grids covered by formvar film. Sections were blocked with blocking buffer (2% skim milk in 1× PBS) for 1 hour, and incubated in a rabbit monoclonal antibody for anti-human mesothelin (1:100, Abcam) for 1 hour at room temperature. The antibody solution was then replaced by the same blocking buffer for 5 minutes for rinsing. After rinsing, grids were postincubated with 12-nm colloidal gold-conjugated goat anti-rabbit IgG antibody (1:50, Jackson, Bar Harbor, Maine, USA) for 2 hours at room temperature. The grids were further washed in distilled water, dried, stained with 5% uranyl acetate in ethanol and Reynold's lead citrate, and examined under the TEM as mentioned earlier. ). Equivalent amounts of protein were separated using SDS polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to nitrocellulose membranes. After blocking in 5% milk, membranes were incubated with an anti-human mesothelin antibody (1:2000, Abcam) overnight. Protein was visualized by staining with the appropriate secondary horseradish peroxidase-labeled antibody for 1 hour at room temperature and probed for immunoreactive proteins by chemiluminescence. As a negative control, unused 4.25% Dianeal solution was subjected to MP isolation procedures (lane 1). Lysates of HeLa cells (a mesothelin-expressing cervical cancer line) were used as a positive control (lane 3).
Western Blot Analysis
Statistical Analysis
Results are expressed as mean ± standard error of the mean (SEM). All values for MP quantification were normalized to PD drain volumes to ensure that differences in interpatient drain volumes did not influence MP levels. The 4-hour volume was the actual volume of effluent drained, while the volumes at 1 and 2 hours were estimated using the PD ADEQUEST program (Baxter International, Deerfield, Illinois) program. Differences between all groups were assessed by KruskalWallis test with Dunn's multiple comparisons post-test. A P < .05 was considered significant. Analysis was conducted using Graphpad Prism version 5.0 (GraphPad Software, La Jolla, California).
Results
Patient Characteristics
To assess whether MPs are formed during PD, we carried out a proof of concept study examining MP levels during a standardized PD dwell. A total of 8 patients were assessed and 10 mL aliquots of effluent were collected at baseline, 1 hour, 2 hours, and 4 hours during a modified PET with 2L Dianeal 4.25% (Baxter International). 16 Patient characteristics are summarized in Table 1 .
Characterization of MPs in Peritoneal Dialysis Effluents
Using NTA, a video light-scattering technique for identification of small particles, 13 we observed the presence of extracellular vesicles in all of the 4-hour effluents with a size range between 30 and 900 nm and mean size of 240 (SE: 10 nm) ( Figure 1A ). These particles were further confirmed to possess characteristic size and morphology by electron Note. Weight refers to weight at time of PET. CKD = chronic kidney disease; PD = peritoneal dialysis; D/P Cr = dialysate to plasma creatinine ratio at 4 hours; PET = peritoneal equilibration test.
microscopy ( Figure 1B) . Importantly, Western blot analysis of MPs isolated from 4-hour PD effluents also revealed the presence of mesothelin suggesting that at least a portion of MPs in the effluent arise from mesothelial cells which comprise the outer layer of the peritoneal lining ( Figure 1C ). The presence of mesothelin on the surface of MPs from PD effluents was further confirmed by immunogold labeling and electron microscopy ( Figure 1D ).
Assessment of MP Release During Peritoneal Dialysis
Peritoneal MP levels were quantified using 3 independent techniques (NTA, flow cytometry, and a MP procoagulant activity assay). Both NTA and the MP activity assay enumerate MPs from all cellular origins, while flow cytometry identified MPs as mesothelial in origin through the use of fluorescent labeling of mesothelin. By NTA, MPs were present at low levels at baseline and accumulated over the 4-hour dialysis period with Dianeal 4.25% (Figure 2A) . Similarly, MP levels, determined by assessment of MP procoagulant activity, increased over the course of PD ( Figure 2B ). Levels of MPs also increased with an overnight exposure to Dianeal 2.5% (4.6 × 10 11 , SE: 1.0 × 10 11 vs 1.0 × 10 11 , SE: 1.2 × 10 11 total MPs in PD cavity by NTA, P < .01). Levels of mesothelial cell-derived MPs, determined by flow cytometry, were also increased at 4 hours (Figure 3) . Interestingly, mesothelial MP formation at 4 hours was significantly higher than at 1 and 2 hours, suggesting a progressive increase in MP formation in response to PD fluid instillation.
Discussion
The present study reports for the first time not only that mesothelial-derived MPs are detectable in PD effluents but also that they accumulate over the duration of PD exchange, which suggests that PD solution exposure induces this process. Western blot analysis, flow cytometry, and immunogold electron microscopy suggest that the mesothelial cell layer lining the peritoneal cavity is a major source of effluent MPs. It is noteworthy that levels of mesothelial MPs, identified by flow cytometry, did not increase until 4 hours. Based on this, we hypothesize that mesothelial MP formation during PD represents an acute mesothelial cell response to hypertonic dialysate rather than a steady background formation due to a chronic inflammatory state where one expects progressive formation.
We observed a fair degree of interindividual variability in baseline MP levels. The reason for these differences is unclear; however, MP levels are a function of the dynamic balance between their formation by stressed cells and their clearance through various cellular systems including macrophages. 17 Accordingly, there may be interpatient differences in either the basal rates of MP formation or the rate of clearance from the peritoneal cavity. An alternative explanation could be that certain individuals are more susceptible to this type of injury. There may also be differences in betweenpatient residual dialysate in the peritoneal cavity after drainage of the overnight dwell. Regardless of the explanation, it is likely that the assessment of dynamic changes in MP formation over a period of time (as was done here) will be far more informative than merely quantifying levels at a single time point as this would account for interindividual variations in rates of MP formation.
Our study has several limitations. First, this was a singlecenter study. Therefore, it will be important for these data to be verified in other PD populations. Second, our patients' membrane transport characteristics were skewed toward higher transporters with a mean 4-hour D/P creatinine of 0.79. We have previously reported a mean D/P creatinine of 0.71 in a larger cohort from our program, and the variance in our current population falls just over one standard deviation from this mean, in keeping with expected random variation. 18 We have also not fully characterized the origins of all MPs in the PD effluent. NTA and the MP procoagulant activity assay quantify all MPs in the effluent, regardless of cellular origin. Our flow cytometry, Western blot, and electron microscopy data all strongly suggest that mesothelial MPs make up a significant fraction of the MPs formed during PD as each approach indicated the presence of a mesothelial cell surface antigen in a subfraction of MPs. Nevertheless, it is possible that MPs in PD effluents may also originate from nonmesothelial sources. Importantly, however, the dynamic changes in mesothelial MP levels seen with flow cytometry mirrored the changes seen in total MP levels assessed by NTA and the MP activity assay. Finally, we have focused largely on the effects of Dianeal 4.25% exposure on MP formation. It would therefore be of interest to assess the effects of additional PD solutions that may cause less stress to the peritoneal membrane.
The biological significance of mesothelial MPs in the peritoneal cavity is unclear at this time. We and others have previously reported that MPs serve as intercellular signals capable of inducing a host of responses in target cells. 12, [19] [20] [21] [22] Although not examined in the present study, it is possible that mesothelial MPs may exert biological effects directly in the peritoneal cavity. Other MP populations (ie, endothelial, leukocyte) have been reported to exert proinflammatory, proapoptotic, and profibrotic effects on target cells, and it is possible that mesothelial MPs have similar biological activity; however, this remains to be tested. [23] [24] [25] In summary, we have shown for the first time that MPs are formed during PD exchange. Mesothelial cells represent a major source of MPs in PD effluent and increase in a timedependent fashion. These increases may reflect acute mesothelial injury in response to PD solutions. This discovery opens a new window into the peritoneal cavity and sets the stage for further study to determine the clinical significance of mesothelial MPs.
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